ABSTRACT WASP-43b (Hellier et al.; Gillon et al.) is one of the closest-orbiting hot Jupiters, with a semimajor axis a = 0.01526 ± 0.00018 AU and a period of only 0.81 days. However, it orbits one of the coolest stars with a hot Jupiter (K7V, T * = 4520 ± 120 K), giving the planet a modest equilibrium temperature of T eq = 1440 ± 40 K, assuming zero Bond albedo and uniform planetary energy redistribution. This has resulted in strong signal-to-noise-ratio (S/N) observations and deep eclipses in both Warm Spitzer channels (3.6 and 4.5 µm). Planets with higher S/N allow more accurate measurements of eclipse depths and brightness temperatures, placing tighter constraints on atmospheric composition and thermal structure. The eclipse depths and brightness temperatures from our jointly fit model are 0.346 ± 0.013% and 1684 ± 24 K at 3.6 µm and 0.382 ± 0.015% and 1485 ± 24 K at 4.5 µm. The eclipse timings improved the estimate of the orbital period, P, by a factor of three (P = 0.81347459 ± 2.1×10 -7 days) compared to Gillon et al. and put an upper limit on the eccentricity (e = 0.007 +0.013 −0.004 ). We use our Spitzer eclipse depths with two previously reported ground-based data points in the J and K bands to constrain the atmospheric properties of WASP-43b. The data rule out a strong thermal inversion in the dayside atmosphere of WASP-43b. Model atmospheres with no thermal inversions and fiducial oxygen-rich compositions are able to explain all the available data. These data, however, are insufficient to place stringent constraints on the molecular mixing ratios. The data suggest low day-night energy redistribution in the planet, consistent with previous studies, with a nominal upper limit of about 35% for the fraction of energy incident on the dayside, but redistributed to the nightside.
INTRODUCTION Recent Kepler results
have shown a striking increase in detections of the smallest candidates, and the planet-candidate lists now show that hot Jupiters are much less common than planets smaller than Neptune. But, nearly all Kepler candidates are too small, cold, or distant for atmospheric characterization, except the nearby hot Jupiters. Their host stars, bright enough for radial velocity (RV) measurements, subject these planets to a strong irradiating flux, which governs their atmospheric chemistry and dynamics. Their large sizes and large scale heights (e.g., Showman & Guillot 2002) give the signal-to-noise ratio (S/N) needed for basic atmospheric characterization.
The most common technique for observing hot Jupiters and characterizing their dayside atmospheres is secondary eclipse photometry (e.g., Fraine et al. 2013; Crossfield et al. 2012; Todorov et al. 2012; Desert et al. 2012; Deming et al. 2011; Beerer et al. 2011; Demory et al. 2007 ). During secondary eclipse, when the planet passes behind its star, we see a dip in integrated flux proportional to the planet-to-star flux ratio, or usually 0.02-0.5% in the Spitzer Space Telescope infrared wavelengths, where the signal is strongest. This dip is much lower at wavelengths accessible from the ground or from the Hubble Space Telescope. Techniques such as phase-curve jasmina@physics.ucf.edu measurement Lewis et al. 2013; Cowan et al. 2012a,b; Crossfield et al. 2010) , eclipse spectroscopy Gibson et al. 2012; Berta et al. 2012) , and ingress-egress mapping (de Wit et al. 2012; Majeau et al. 2012) can reveal more than a secondary eclipse, but are available for only a small number of high-S/N planets.
A secondary eclipse observed at one wavelength constrains an exoplanet's temperature. Multiple wavelengths constrain the planet's dayside spectrum, potentially yielding insight into the atmospheric composition and temperature structure. Different wavelengths probe different atmospheric levels and can be combined into a broadband spectrum for further atmospheric modeling (e.g., Madhusudhan & Seager 2009; Stevenson et al. 2010) . Infrared observations are specifically valuable because the most abundant chemical species in planetary atmospheres (aside from H 2 and He), such as H 2 O, CO, CO 2 , and CH 4 , have significant absorption and emission features at these wavelengths (e.g., Madhusudhan & Seager 2010) . Constraints on chemical composition and thermal structure are important for both further atmospheric modeling (e.g., Showman et al. 2009 ) and studies of the planet's formation.
Secondary eclipse observations also provide insight into the exoplanet's orbit. Measuring the time of the secondary eclipse relative to the time of transit can establish an upper limit on orbital eccentricity, e, and constrain the argument of periapsis, ω, independently of RV measurements. Orbital eccentricity is important in dynamical studies and in calculating irradiation levels. Apsidal precession can also be constrained by eclipse timing and can be used to reveal the degree of central concentration of mass in the planetary interior (Ragozzine & Wolf 2009; Campo et al. 2011; López-Morales et al. 2010) .
WASP-43b was first detected by the Wide-Angle Search for Planets (WASP) team (Hellier et al. ) in 2009 (Hellier et al. and 2010 from the WASP-South and WASP-North observatories. The WASP team also performed follow-up measurements with the CORALIE spectrograph, the TRAPPIST telescope, and EulerCAM in December 2010. These observations revealed a planet with a mass M p = 1.78 Jupiter masses (M J ) and a radius R p = 0.93 Jupiter radii (R J ), transiting one of the coldest stars to host a hot Jupiter (type K7V, T * = 4400 ± 200 K). They found the planet to have an exceptionally short orbital period of 0.81 days and a semi-major axis of only 0.0142 AU, assuming the host star has a mass of M * = 0.58 ± 0.05 M ⊙ . The planet's orbital eccentricity was constrained to e < 0.04 at 3σ. Spectroscopic measurements of the star revealed a surface gravity of log(g) = 4.5 ± 0.2 (cgs) and a projected stellar rotation velocity of v * sin(i) = 4.0 ± 0.4 km s -1 , where i is the inclination of the star's pole to the line of sight. Strong Ca H and K emission indicates that the star is active. Gillon et al. (2012) presented an extensive analysis of twenty-three transit light curves, seven occultations, and eight new measurements of the star's RV, observed during 2010 and 2011 with TRAPPIST, the Very Large Telescope (VLT), and EulerCAM. They improved the parameters of the system significantly (e = 0.0035 ± 0.0043, M p = 2.034 ± 0.052 M J , R p = 1.036 ± 0.019 R J ), refined stellar parameters (T eff = 4520 ± 120 K, M * = 0.717 ± 0.025 M ⊙ , R * = 0.667 ± 0.011 R ⊙ ), and constrained stellar density (ρ * = 2.41 ± 0.08 ρ ⊙ ). They also confirmed that the observed variability of the transit parameters can be attributed to the variability of the star itself (consistent with Hellier et al. 2011) . In addition, they detected the planet's thermal emission at 1.19 µm and 2.09 µm, inferring poor redistribution of heat to the night side and an atmosphere without a thermal inversion, using the atmospheric models of Fortney et al. (2005 Fortney et al. ( , 2008 .
In this paper we present two secondary eclipses, observed with the Spitzer Space Telescope at 3.6 and 4.5 µm using the Infrared Array Camera (IRAC; Fazio et al. 2004) , which further constrain the dayside emission of the planet and improve the orbital parameters of the system. We combine our eclipse-depth measurements with those of Gillon et al. (2012) to constrain the planetary atmosphere model, energy redistribution, and presence of thermal inversion using the Madhusudhan & Seager retrieval method.
The following sections present our observations; discuss photometric analysis; explain specific steps taken to arrive at the fits for each observation and a joint fit; give improved constraints on the orbital parameters based on available RV, eclipse, and transit data; discuss implications for the planetary emission spectrum and planetary composition; state our conclusions; and, in the Appendix, supply the full set of system parameters from our own and previous work. The electronic attachment to this paper includes archival light curve files in FITS ASCII table and IRSA formats.
OBSERVATIONS
We observed two secondary eclipses of WASP-43b with the Spitzer IRAC camera in subarray mode (Program ID 70084) . A sufficiently long baseline (Figure 1 ) was monitored before the eclipses, providing good sampling of all Spitzer systematics. To minimize intrapixel variability each target had fixed pointing. We used the Basic Calibrated Data (BCD) from Spitzer's data pipeline, version S.18.18.0. Basic observational information is given in Table 1 . 3. SECONDARY-ECLIPSE ANALYSIS -METHODOLOGY Exoplanet characterization requires high precision, since the planets' inherently weak signals are weaker than the systematics. In addition, Spitzer's systematics lack full physical characterizations. We have developed a modular pipeline, Photometry for Orbits, Eclipses, and Transits (POET), that implements a wide variety of treatments of systematics and uses Bayesian methods to explore the parameter space and information criteria for model choice. The POET pipeline is documented in our previous papers (Stevenson et al. 2010; Campo et al. 2011; Nymeyer et al. 2011; Stevenson et al. 2012; Blecic et al. 2013; Cubillos et al. 2013 ), so we give here just a brief overview of the specific procedures used in this analysis.
The pipeline uses Spitzer-supplied BCD frames to produce systematics-corrected light curves and parameter and uncertainty estimates, routinely achieving 85% of the photon noise limit or better. Initially, POET masks pixels according to Spitzer's permanent bad pixel masks, and then it additionally flags bad pixels (energetic particle hits, etc.) by grouping sets of 64 frames and performing a two-iteration, 4σ rejection at each pixel location. Image centers with 0.01 pixel accuracy come from testing a variety of centering routines (Stevenson et al. 2010, Supplementary Information) . Subpixel 5× interpolated aperture photometry (Harrington et al. 2007 ) produces the light curves. We omit frames with bad pixels in the photometry aperture. The background, subtracted before photometry, is an average of good pixels within an annulus centered on the star in each frame.
Detector systematics vary by channel and can have both temporal (detector ramp) and spatial (intrapixel variability) components. At 3.6 and 4.5 µm, intrapixel sensitivity variation is the dominant effect (Charbonneau et al. 2005) , so accurate centering at the 0.01 pixel level is critical. We fit this systematic with a Bilinearly-Interpolated Subpixel Sensitivity (BLISS) mapping technique, following Stevenson et al. (2012) , including the method to optimize the bin sizes and the minimum number of data points per bin.
At 5.8, 8.0, and 16 µm, there is temporal variability, attributed to charge trapping ). Weak temporal dependencies can also occur at 3.6 and 4.5 µm (Reach et al. 2005; Charbonneau et al. 2005; Campo et al. 2011; Blecic et al. 2013) , while weak spatial variability has been seen at 5.4 and 8.0 µm Anderson et al. 2011 ). Thus, we consider both systematics in all channels when determining the best-fit model. We fit the model components simultaneously using a Mandel & Agol (2002) eclipse, E(t); the time-dependent detector ramp model, R(t); and the BLISS map, M(x, y):
where F(x, y,t) is the aperture photometry flux and F s is the constant system flux outside of the eclipse.
To choose the best systematics models and aperture size, we analyze dozens of model combinations and use goodnessof-fit criteria . To choose the best aperture size and the number of initial points dropped during instrument settling for a given channel, we minimize the standard deviation of the normalized residuals (SDNR). Ignoring data points from the beginning of the observation is a common procedure ) when searching for the best-fitting ramp. We remove the smallest number of points consistent with the minimal SDNR.
Once we have found the best dataset in this way, we compare different ramp models by applying either the Akaike Information Criterion:
where k is the number of free parameters, or the Bayesian Information Criterion:
where N is the number of data points. The best model minimizes the chosen criterion. For the final decision, the level of correlation in the photometric residuals is also considered, by plotting root-mean-squared (RMS) model residuals vs. bin size (time interval; Pont et al. 2006; Winn et al. 2008; Campo et al. 2011) and comparing this to the theoretical 1/ √ N RMS scaling. We explore the phase space and estimate errors using a Markov-chain Monte Carlo (MCMC) routine following the Metropolis-Hastings random-walk algorithm, which uses independent Gaussian proposal distributions for each parameter with widths chosen to give an acceptance rate of 30-60%. Each MCMC model fit begins with the Levenberg-Marquardt algorithm (least-squares minimization). We use a Bayesian prior (e.g., Gelman 2002) if a parameter's uncertainty in the literature is smaller than what we can achieve. We then run enough MCMC iterations to satisfy the Gelman & Rubin (1992) convergence test. After every run, we assess convergence by examining plots of the parameter traces, pairwise correlations, autocorrelations, marginal posteriors, best-fitting model, and systematics-corrected best-fitting model. The fi-nal fit is obtained from the simultaneous run of all datasets, sharing parameters such as the eclipse midpoint and duration among some or all datasets.
We report the times of our secondary eclipses in both BJD UTC (Coordinated Universal Time) and BJD TT (BJD TDB , Barycentric Dynamical Time), calculated using the Jet Propulsion Laboratory (JPL) Horizons system and following Eastman et al. (2010) .
4. SECONDARY-ECLIPSE ANALYSIS -FIT DETAILS Light curves for both channels were extracted using every aperture radius from 2.00 to 4.50 pixels, in 0.25 pixel increments. A 2D Gaussian fit found stellar centroids most consistently. We estimated the background flux using an annulus of 7-15 pixels from the center of the star for both channels. For the secondary-eclipse ingress and egress time, we used a Bayesian prior (t 2−1 = 950.5 ± 145.5 s), calculated from unpublished WASP photometric and RV data. Figure 1 shows our systematics-corrected, best-fit light curve models. Figure 2 presents the scaling of the RMS model residuals vs. bin size for both channels, which shows no significant time correlation in the residuals.
Channel 1 -3.6 µm
The most prominent systematic in this Spitzer channel is the intrapixel effect. The best BLISS-map bin size is 0.006 pixels when we exclude bins with less than 4 measurements. The ramp and eclipse models fit without removing initial data points. The smallest value of BIC reveals that the best ramp model is quadratic; this model is 1.2×10 30 times more probable then the next best (linear) model. Table 2 lists the best ramp models, comparing their SDNR, BIC values, and eclipse depths. Figure 3 shows a comparison between the best ramp models and their SDNR and BIC values through all aperture sizes, indicating which aperture size is the best and which model has the lowest BIC value.
Photometry generates consistent eclipse depths for all tested apertures, with the lowest SDNR at an aperture radius of 2.50 pixels (Figure 4 ).
Channel 2 -4.5 µm
In this channel, we noticed an upward trend in flux at the beginning of the observation, possibly due to telescope settling, which we do not model. We clipped 2300 initial data points (∼38 minutes of observation), the smallest number of points consistent with the minimal SDNR. The 2.50 pixel aperture radius minimizes SDNR ( Figure 5 ).
To remove intrapixel variability, the BLISS bin size is 0.016 pixels, ignoring bins with less than 4 points. The ramp models indicate a negligible ramp variation. The lowest BIC value corresponds to the model without a ramp (Table 3 ). The noramp model is 78 times more probable than the linear model. We tested the dependence of eclipse depth on aperture ra- dius, showing that they are all well within 1σ of each other, to validate the consistency of our models ( Figure 6 ). 
Joint Fit
To improve S/N on the eclipse depths, we share the eclipse width (duration) and eclipse midpoint phases in a joint fit of both datasets. The best ramp models and the best aperture sizes from the separate channel analyses are used in the joint fit. To produce the best joint-model fits, we iterated MCMC until the Gelman & Rubin (1992) diagnostics for all parameters dropped below 1%, which happened after 10 5 iterations. The best joint-model fit parameters are in Table 4 . Files containing the light curves, best model fits, centering data, photometry, etc., are included as electronic supplements to this article. The eclipse-midpoint time is further used for the subsequent orbital analysis, and the eclipse depths are used for the atmospheric analysis.
5. ORBIT The eclipse midpoint (after a 15.2 second correction for the eclipse-transit light-time) has a phase of 0.5001 ± 0.0004, so e cos ω = 0.0001 ± 0.0006, or a 3σ upper limit of |e cos ω| < 0.0018, consistent with a circular orbit.
To improve the orbit solution further, we combined data from our observations with data from a variety of sources. Transit midpoint times were taken from Hellier et al. (2011) and Gillon et al. (2012) , and amateur observations were listed in the Exoplanet Transit Database (see Table 5 ). We used CORALIE RV observations published by Hellier et al. (2011) and Gillon et al. (2012) . No RV points needed removal due to the Rossiter-McLaughlin effect. We subtracted 15.2 seconds from the eclipse midpoints to correct for light-travel time across the orbit. We corrected all points to TDB, if this was not already done (Eastman et al. 2010) . We converted the amateur data from HJD to BJD, putting all times in a consistent BJD TDB format. There were 49 transit points, 23 RV points, and one effective eclipse observation. We fit all of these data simultaneously, as described by Campo et al. (2011) . The free parameters in this fit were e sin ω; e cos ω; P; the reference transit midpoint time, T 0 ; the RV semi-amplitude, K; and the RV offset, γ. The addition of the amateur transit observations improves the uncertainty of P by a factor of three compared to Gillon et al. (2012) , reducing it to 18 milliseconds. The fit finds an eccentricity of 0.007 +0.013 −0.004 , consistent with a circular orbit and expectations for a close-in planet, where eccentricity should be damped by tidal interactions with the host star. The fit results are summarized in Table 6 .
Because the bulk of the eccentricity signal for WASP-43b comes from e sin ω, and ω is practically unconstrained, it is likely that this eccentricity signal comes from the planet's interaction with the stellar tidal bulge. Arras et al. (2012) predict that the RV semi-amplitude of this effect is 8.9 ms -1 . Since our model shows that eK = 3.9 +7.1 −2.2 ms -1 , it is possible that the majority or entirety of this signal is due to the tidal bulge interaction, and the true eccentricity is closer to the upper limit deduced from the secondary eclipse.
We found that, for a linear ephemeris fit, there is considerable scatter in O-C (observed time minus calculated time). The root-mean-square of the stated transit-time uncertainties is 27 seconds, while the standard deviation of the residuals is 78 seconds. WASP-43b is close enough to its host star that tidal decay is a significant factor in its evolution, so we attempted to estimate the decay rate by adding a quadratic term to our ephemeris model, following Adams et al. (2010) . Our model for the transit ephemeris is now:
where N is the number of orbits elapsed since the epoch T 0 , P is the orbital period at T 0 , and δP =ṖP, whereṖ is the shortterm rate of change in the orbital period. Fitting this model to the transit data, we find that δP = (-1.7 ± 0.3)×10 -8 days orbit . This is illustrated in Figure 7 . This would be a 5σ detection, and is about ten times 55500 55600 55700 55800 55900 56000 56100 Transit Midpoint (BJD-2,400,000) the value of -0.060 ± 0.015 s year -1 found by Adams et al. (2010) for OGLE-TR-113b. The BIC values strongly favor the quadratic (decaying) ephemeris (BIC = 242) over the linear ephemeris (BIC = 271). The transit ephemeris models are summarized in Table 7 .
As the circularity of WASP-43b's orbit is well established by the RV data and confirmed by the eclipse data for a linear ephemeris, our secondary-eclipse point should not be expected to deviate from an eclipse phase of 0.5 in a quadratic ephemeris. Assuming a circular orbit where eclipses occur at N + 1 2 , the eclipse time should be given by:
We find that our eclipse time matches this ephemeris within errors, lending further support to the quadratic fit. However, both fits look poor by eye. The standard deviation of the residuals about the quadratic ephemeris is 66 seconds, still much larger than the 27 second typical transit time uncertainty. The reduced χ 2 for the quadratic fit is ∼8, so much of the residual scatter is unexplained by both models. Either an actual variability in transit timing exists, or there were problems in the data processing or reporting. The quadratic trend is largely dependent on two outliers with very small uncertainties. Could there be mistakes in the time corrections for heterogeneous transit data? This is unlikely because the Exoplanet Transit Database indicates that all amateur observations were submitted in UTC, while the professional data were unambiguous in their use of TDB. While it is possible that uncertainties for certain sets of transit data points may have been underestimated, the data come from many amateur and professional sources, and all would have had to make such errors.
Possibly these are transit-timing variations (TTVs) due to interactions with undiscovered planets in the system (Agol et al. 2005) , an exploration of which is beyond our present scope. Agol et al. (2005) give a relation for the transit timing deviation for a pair of planets in a mean-motion resonance. An Earth-sized planet in a 2:1 resonance with WASP-43b would produce a maximum timing deviation of 24 seconds. Our typical deviation of 78 seconds suggests a lower limit of 3.2 Earth masses for such a resonance. Other simple-integer ratios of mean motion require larger masses to produce such an effect. WASP-43b's close orbit, and the tidal effects noted above, also raise the possibility that some of the signal may be due to tidal decay. A few calculations will show whether this is likely.
A period change ofṖ = -0.65 ± 0.12 s year -1 for WASP-43b translates to a change in semi-major axisȧ = (-9.1 ±1.6)×10 . Levrard et al. (2009) give a relation for tidal decay, which for synchronous tidal rotation and negligible eccentricity and obliquity reduces to: Poddaný et al. (2010) . The ETD web site provided the numbers in this table, which were converted from HJD (UTC) to BJD (TDB). 
where Q ′ ⋆ is the ratio of the stellar tidal quality factor to the second-order stellar tidal Love number, k 2 , and ω ⋆ is the stellar rotation rate. The quadratic model implies Q ′ ⋆ = 2500 ± 400. This is much lower than the values of 10 5 -10 10 normally assumed. A small value of Q ′ ⋆ was also found by Adams et al. (2010) .
Another mechanism to explain orbital decay would be the transfer of orbital angular momentum to another planet in the system instead of to the stellar rotation. If such a planet were in a superior orbit, then it would need a greater orbital angular momentum for divergent planetary migration to occur (Rodriquez et al. 2011) .
However, the inferred decay rate (regardless of cause) implies an infall time of order 10 5 years, which is small compared to the estimated age of the star, so neither interpretation is likely. As the curves are quite divergent, fits performed after an additional 1 -2 observing seasons should resolve the ambiguity.
6. ATMOSPHERE We modeled the dayside atmosphere of WASP-43b using the atmospheric modeling and retrieval method of Madhusudhan & Seager (2009 . The model computes line-by-line radiative transfer in a one-dimensional, planeparallel atmosphere, with constraints of local thermodynamic equilibrium, hydrostatic equilibrium, and global energy balance. The pressure-temperature (P − T ) profile and the molecular composition are free parameters of the model, allowing exploration of models with and without thermal inversions, and those with oxygen-rich as well as carbon-rich compositions (Madhusudhan 2012) . The model includes all the primary sources of opacity expected in hydrogen-dominated giant planet atmospheres in the temperature regimes of hot Jupiters, such as WASP-43b. The opacity sources include line-by-line absorption due to H 2 O, CO, CH 4 , CO 2 , and NH 3 , and collision-induced absorption (CIA) due to H 2 -H 2 . We also include hydrocarbons besides CH 4 , such as HCN and C 2 H 2 , which may be abundant in carbon-rich atmospheres (Madhusudhan et al. 2011b; Kopparapu et al. 2012; Madhusudhan 2012 ). Since in highly irradiated oxygen-rich atmospheres TiO and VO may be abundant (Fortney et al. 2008) , we also include line-by-line absorption due to TiO and VO in regions of the atmosphere where the temperatures exceed the corresponding condensation temperatures. Our molecular line data are from Freedman et al. (2008) , Freedman (personal communication, 2009 ), Rothman et al. (2005 , Karkoschka & Tomasko (2010) , Karkoschka (personal communication, 2011), and Harris et al. (2008) . We obtain the H 2 -H 2 CIA opacities from Borysow et al. (1997) and Borysow (2002) . The volume mixing ratios of all the molecules are free parameters in the model.
We constrain the thermal structure and composition of WASP-43b using our Spitzer photometric observations at 3.6 µm and 4.5 µm combined with ground-based photometric data using VLT/HAWK-I at 1.19 µm and 2.1 µm . The model also has a joint constraint on the day-night energy redistribution and the Bond albedo, by requiring global energy balance -i.e., that the integrated emergent power from the planet does not exceed the incident irradiation. Given that the number of model parameters is ≥ 10 (depending on the C/O ratio), and the number of available data points is 4, our goal is to find the regions of model space favored by the data, rather than to determine a unique fit. We explore the model parameter space using an MCMC routine (for details, see Madhusudhan & Seager 2009 Madhusudhan et al. 2011a) .
The data rule out a strong thermal inversion in the dayside atmosphere of WASP-43b. The data and two model spectra of atmospheres without thermal inversions are shown in Figure  8 . The ground-based and Spitzer data provide complementary constraints on the atmospheric properties. The ground-based photometric bandpasses at 1.19 µm and 2.1 µm ) span spectral regions of low molecular opacity, and, hence, probe the deep layers of the atmosphere at pressures of P ∼ 1 bar, beyond which the atmosphere is optically thick due to collision-induced opacity. Consequently, the brightness temperatures of the ground-based data constrain the isothermal temperature structure of the deep atmosphere. On the other hand, the two Spitzer data sets show lower brightness model spectra for dayside thermal emission from WASP-43b. The blue filled circles with error bars show our data in Spitzer IRAC channels 1 (3.6 µm) and 2 (4.5 µm) and previously published ground-based data at 1.19 µm and 2.1 µm . The solid curves show the model spectra in the main panel, and the corresponding temperature-pressure profiles, with no thermal inversions, in the inset. The green (red) curves correspond to a model with solar (6 × solar) composition. Both models fit the data almost equally well. The dashed curves show blackbody spectra corresponding to planetary brightness temperatures of 1684 K and 1485 K, corresponding to the observed brightness temperatures in the Spitzer IRAC channels 1 and 2, respectively.
temperatures at 3.6 µm and 4.5 µm relative to the groundbased data, which is possible only if the temperature structure is decreasing outward in the atmosphere, causing molecular absorption in the Spitzer bands. The presence of a strong thermal inversion, on the contrary, would have caused molecular emission leading to higher brightness temperatures in the Spitzer bands relative to the ground-based bands. Consequently, the sum total of Spitzer and ground-based data rule out a strong thermal inversion in WASP-43b's dayside photosphere.
The molecular composition is less well constrained by the data. Several physically plausible combinations of molecules can explain the absorption in the two Spitzer bands (e.g., Madhusudhan & Seager 2010; Madhusudhan 2012) . Figure 8 shows two oxygen-rich models in chemical equilibrium, with C/O ratio of 0.5 (solar value), but with different metallicities (solar and six times solar) and thermal profiles, both of which explain the data almost equally well. In both cases, H 2 O absorption in the 3.6 µm band, and H 2 O, CO, and CO 2 absorption in the 4.5 µm band explain the Spitzer data. The fact that the two models fit the data equally well demonstrates the degeneracy between the molecular mixing ratios (via the metallicity) and the temperature gradient. Given the current photometric data, the solar metallicity model with a steep temperature profile (green curve) produces almost as good a fit as the higher metallicity model with a shallower temperature profile (red curve), though the latter fits marginally better. On the other hand, a carbon-rich model with C/O ≥1; (e.g., Madhusudhan 2012), with absorption due to CH 4 , CO, C 2 H 2 , and HCN could also explain the data. However, the current data are insufficient to discriminate between O-rich and Crich compositions. Thus, new observations are required to obtain more stringent constraints on the chemical composition of WASP-43b. Observations using the HST Wide Field Camera 3 in the 1.1 -1.8 µm bandpass can help constrain the H 2 O abundance in the atmosphere. As shown in Figure 8 , an O-rich composition predicts strong absorption due to H 2 O in the WFC3 bandpass, which would be absent in a carbon-rich atmosphere (Madhusudhan et al. 2011a) . Similarly, observations in other molecular bands, such as the CO band at 2.3 µm, can provide constraints on the corresponding molecular mixing ratios.
Our observations provide nominal constraints on the day-night energy redistribution fraction ( f r , Madhusudhan & Seager 2009 ) in WASP-43b. Our model fits to the combined Spitzer and ground-based data allow for up to ∼35% day-night energy redistribution in the planet. However, in the population of models that fit the data, models with higher f r values require cooler lower atmospheres on the dayside, and hence predict lower fluxes in the ground-based channels. For example, the models shown in Figure 8 have f r = 32 -34%, assuming zero Bond albedo. While these models produce an acceptable global fit to all the four data points overall, they predict systematically lower fluxes in the ground-based channels, fitting the ground-based data points only at the σ lower error bars. Considering the groundbased points alone, without the Spitzer data, would imply a significantly higher continuum flux, and correspondingly a significantly lower day-night redistribution in the planet than ∼35%, consistent with the finding of Gillon et al. (2012) .
The lack of a strong thermal inversion in WASP-43b is not surprising. At an equilibrium temperature of ∼1400 K, the dayside atmosphere of WASP-43b is not expected to host gaseous TiO and VO, which have been proposed to cause thermal inversions (Spiegel et al. 2009; Hubeny et al. 2003; Fortney et al. 2008) , though hitherto unknown molecules that could also potentially cause such inversions cannot be ruled out (Zahnle et al. 2009 ). The lack of a thermal inversion is also consistent with the hypothesis of Knutson et al. (2010) , since the host star WASP-43 is known to be active 7. CONCLUSIONS Exoplanet secondary eclipses provide us with a unique way to observe the dayside spectrum of an irradiated planetary atmosphere, where the opacities of the mixture of atmospheric trace molecules determine the thermal structure of the planetary atmosphere.
WASP-43b has a 0.81 day period, making it one of the shortest-period transiting planets. It has a small semi-major axis (0.01526 ± 0.00018 AU, Gillon et al. 2012) . The WASP-43 star is a low mass star (M * = 0.717 ± 0.025 M ⊙ , Gillon et al. 2012) and is also one of the coldest of all stars hosting hot Jupiters. The close proximity of the planet probably induces large tidal bulges on the planet's surface (Ragozzine & Wolf 2009 ). The planet's projected lifetime is also unusually short for such a late-type host star, owing to tidal in-spiral. The estimated lifetime for this planet is of order Myr .
In this paper we report two Spitzer secondary eclipse observations, using the IRAC 3.6 and 4.5 µm channels. S/N = 26 in channel 1 and 24 in channel 2 allowed non-ambiguous analysis. The final eclipse depths from our joint fit models are 0.346 ± 0.013% and 0.382 ± 0.015%, in channel 1 and 2 respectively. The corresponding brightness temperatures are 1684 ± 24 K and 1485 ± 24 K.
Our secondary eclipse timings, along with the available RV data and transit photometry from the literature and amateur observations, provide better constraints on the orbital parameters. The WASP-43b orbital period is improved by a factor of three (P = 0.81347459 ± 2.1×10 -7 days). We also obtained an upper limit on the eccentricity. The timing of our secondaryeclipse observations is consistent with and suggestive of a circular orbit with e < 0.0018.
We combined our Spitzer eclipse depths with ground-based data at 1.19 and 2.1 µm from Gillon et al. (2012) to constrain the atmospheric properties of WASP-43b. The data rule out a strong thermal inversion in the dayside atmosphere. This is particularly evident from the fact that our brightness temperatures in both the Spitzer channels are lower than those observed in the ground-based channels, suggesting temperatures decreasing outward. Models without thermal inversions and with fiducial oxygen-rich compositions can explain the data. Current data are insufficient to provide stringent constraints on the chemical composition. The data do not suggest very efficient day-night energy redistribution in the planet, consistent with previous studies, though models with up to ∼35% redistribution can explain the data reasonably well.
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